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Abstract 
Oxy-fuel combustion of fossil fuels produces a CO2-rich gas stream with some impurities, such 
as nitrogen, argon, oxygen, nitrogen oxides, heavy metals and sulphur oxides, whose 
concentrations vary based on the type of fuel, combustion conditions, plant configuration, and 
other process related parameters. To control the greenhouse gas (GHG) emissions from these 
plants and sustain their operational competitiveness in a carbon constrained world, the CO2 in the 
flue gas stream has to be captured, cleaned up and compressed to make it suitable for pipeline 
transport and permanent storage in geological formations. The flue gas CO2 capture and 
processing, including integrated multi-pollutant control, provides a feasible and viable 
technological pathway towards this goal.  
 
For oxy-fuel combustion systems, the CO2  capture is best achieved by physical gas separation 
through a series of compression and cooling stages to liquefy and separate CO2 from non-
condensable gases in the flue gas stream. The effectiveness of the CO2 capture and compression 
system depends on the process design and assessed using removal efficiency, level of 
purification and energy demand for a unit of captured CO2. If the CO2 capture process can also 
simultaneously remove other pollutants in the gas stream, then the whole process becomes more 
efficient and cost-effective. In this case, implementing an elaborate flue gas pre-treatment system 
will not be necessary. Hence, CO2 capture technologies that are capable of simultaneously 
controlling emissions of multiple pollutants offer the potential to achieve emissions reduction at 
lower cost and reduced footprint, when compared to conventional emission control systems.  
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For the new oxy-coal fired power plants, multi-pollutant control technologies can help designers 
of these plants select effective and less expensive compliance strategies, compared with 
compliance choices made when the requirements are addressed individually. CanmetENERGY 
has developed and successfully implemented an advanced and proprietary CO2 capture and 
compression unit (CO2CCU) that is capable of capturing and generating a relatively pure CO2 
product stream, while simultaneously removing the pollutants such as nitrogen oxides, sulphur 
oxides and mercury in the process condensate streams. The pilot-scale unit is currently integrated 
with the existing 0.3MWth oxy-fuel Vertical Combustor Research Facility. This advanced CO2 
capture system represents an integrated approach to oxy-fuel combustion with multi-pollutant 
and CO2 capture and provides a unique test platform for CO2 processing. 
 
In this paper, we present and discuss the recent pilot-scale test results of CanmetENERGY’s 
CO2CCU. The unit was used to conduct experiments with a broad range of flue gas 
compositions, including different levels of CO2 concentrations and a host of impurities in the 
flue gas stream. The real-time measurements of CO2 product and vent stream gas compositions 
as well as the analysis of condensate streams provide insight into the type of chemical reactions 
that are taking place under different pressure, temperature, and moisture levels. The experimental 
results help to explain some of the chemical reactions involved in the CO2 capture and 
compression for better optimizing the capture process. 
 
© 2010 Elsevier Ltd. All rights reserved 
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1. INTRODUCTION 
The separation and capture of CO2 from the flue gas stream of an oxy-fuel combustion process and simultenious 
removal of pollutants is effectively achieved by the properiatary low-temperature CO2 separation and compression 
process developed by CanmetENERGY in Ottawa. The CO2 capture research facility (CanCO2) has at its core the 
CO2CCU as a proof-of-concept of the CanmetENERGY’s prorietary separation and compression process at pilot 
scale. The trailer mounted CO2CCU is an excellent test platform to study CO2 capture and multi-pollutant control 
processes.  
 
 
 
Figure 1: The CanmetENERGY’s trailer-mounted CO2CCU 
 
c⃝ 01 Pub i hed by Elsevier Ltd.
K.E. Zanganeh et al. / Energy Procedia 4 (2011) 1018–1025 1019
Open acce s und r CC BY-NC-ND license.
 Author name / Energy Procedia 00 (2010) 000–000 3 
The details of the CanmetENERGY’s CO2 capture and compression process and CO2CCU can be found elsewhere 
[1, 2]. The main steps of the CanmetENERGY’s CO2CCU process include compression stages with separators and 
intercoolers, gas recycle, and the means for drying and cooling the compressed gases by auto-refrigeration, to 
liquefy and separate CO2. The overview of the trailer-mounted CO2CCU is shown in Figure 1. In this unit, the 
conversion of SOx, NOx, and mercury in the presence of oxygen and water vapor happens within the multi-stage 
compressor block in the condensate vessels after each intercooler. 
 
This unit is designed to operate and handle a wide range of inlet flue gas compositions with the main component 
being the CO2 with a partial pressure of 50% or higher.   
 
The non-condesable gases such as nitrogen, oxygen, and argon are separated as the CO2 is liquidified and separated 
in the CO2CCU. On the other hand, the pollutants such as NOx, SOx and mercury are converted and removed 
through a series of chemical reactions known as the “lead-chamber” reactions [3]. These reactions are ocurring in 
the condensate separator vessels after each intercooler, as the flue gas is compressed and cooled in each stage of the 
compressor. The temperature, pressure and residence time at each stage are the main factors for chemical reactions 
involved in the conversion process. A proposed reaction mechanism for the lead-chamber reactions is presented here 
[4]. However, the details of the reaction mechanism and simulteneous separation of multipollutants, while capturing 
CO2, is presented elsewhere [5, 6]:   
   
2NO + O2 = 2NO2        (1) 
2 NO2 = N2O4         (2) 
NO2 +SO2 + H2O =  NO + H2SO4      (3) 
2 NO2 + H2O = HNO2 + HNO3       (4) 
3HNO2 = HNO3 + 2NO + H2O       (5) 
 
On the other hand, if mercury is present in the flue gas, it will react with nitric acids in several ways, two possible 
reactions pathways are suggested below: 
 
Hg + 4HNO3 = 2NO2 + 2H2O + Hg(NO3)2 [concenterated nitric acid]  (6) 
6 Hg + 8HNO3 = 3Hg2(NO3)2 + 2 NO + 4H2O [dilute nitric acid, slow rate] (7) 
 
The results of recent tests conducted in the CanmetENERGY’s pilot-scale CO2CCU for capturing CO2 with multi-
pollutant control are presented in this paper. Detailed observations made about the flue gas dryer bed performance 
(using activated alumina/molecular sieves) on the residual NOx, SOx and mercury removal are also discussed here. 
The role of the dryer beds for residual pollutant separation is an interesting area which requires further research to 
ascertain the design, material and actual placement/location of the dryer beds in the overall CO2 capture process. 
The optimum location of the dryer bed within the capture system will enhance the efficiency of the separation of the 
multipollutants. Molecular sieves/activated alumina are often utilized in the laboratory or in industry for separating 
compounds and drying and purification of the gas streams. Almost all the available gas-phase air filtration medias 
are manufactured from adsorbent materials such as powdered activated carbons and aluminas. The basic principle 
for these purification and separation process via the dryer beds is based on their porosity and hence surface area to-
volume ratio of the bed materials. Moreover, the adsorbing media could be made more or less specific for various 
chemical species by adding specific chemical impregnates during the manufacturing process.  
 
2. SYNTHETIC FLUE GAS SYSTEM 
 
The CO2CCU can receive and process either synthetic flue gas mixtures, generated by a synthetic gas setup, or 
actual flue gases from oxy-fuel combustion of fossil fuels, such as coal and bitumen. The unit is fully integrated 
with CanmetENERGY’s 0.3 MWth oxy-fuel Vertical Combustor facility. For the purpose of this work, several gas 
mixtures were tested in CO2CCU for studying the multi-pollutant control process in the capture unit. Previous test 
results have been published elsewhere [5, 6]. The test results presented here in this paper are based on a dry 
synthetic flue gas mixture. The synthetic flue gas mixture used in the inlet feed gas stream to the CO2CCU 
comprises CO2, N2, Ar, O2, SOx and NOx. Hg and other trace metal components were not added in the synthetic gas 
mixture. The composition of the sample feed gas for two tests conducted is given in Table 1.  
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Table 1: Composition of Sample Feed Gas for the test 1 and 2 
 
CO2 O2 N2 Argon H2O SO2 NO Hg (Oxidized) Hg (Total)
vol % vol % vol % vol % vol % ppm ppm  (ug/m3)  (ug/m3)
Test 1 79 4.4 16.4 0.19 0 1200 0 - -
Test 2 79 4.4 16.4 0.19 0 1200 600 - -
Composition
 
 
3. RESULT ANALYSIS IN THE CO2CCU 
 
There are two main outputs from the CO2CCU, non-condensable vent and product CO2 stream, if a dry inlet gas is 
used, and an additional process condensate from interstage separators of the compressor block, if a wet gas is used. 
These process condensates are very acidic in nature [5, 6]. The test results presented here are based on dry gas 
mixtures (assuming they are dried before entering the CO2CCU), and hence, two outlet streams from the unit are 
obtained. Two set of pilot-scale test results, with same inlet gas composition, are presented here as test 1 and test 2. 
The only difference between these two tests is the presence of NO in the sample feed gas 2. The reaction 
mechanisms which are believed to be occurring during the low-temperature gas separation process for the capture 
and compression of CO2, in the presence of these pollutants and other impurities, were discussed earlier in equations 
1 to 7. As the inlet gas was dry, reactions 3, 4 and 5 were not expected to occur. Also, there was no mercury 
injection in the synthetic gas mixture; therefore, reactions 6 and 7 did not occur as well. The intention of these two 
tests was to check the behaviour of SO2 and NO distribution in the product and vent streams in absence of moisture. 
The other intention was to check the influence of the dryer beds on the SO2 and NO removal and the extent of SO2 
and NO/NO2 adsorption in the bed materials under dry operating conditions. The two test results reported here 
provide insight into the performance of the dryer beds in presence of these pollutants and some information that  
will help to select the optimum dryer bed material for a range of operating conditions. The initial test results and our 
analysis in this context are provided in the next section.   
 
In these tests, three continuous emission monitors (CEM) were used for gas sample data collection and reporting. 
The results for the sample feed gases are presented in Figures 2 to 9. Figures 2 to 4 represent the test results with 
SO2 injection in the inlet gas stream and figures 5 to 9 represent test results with both NO and SO2 injection in the 
inlet gas stream. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: CO2 composition in the inlet, vent and product streams (Test 1) 
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Figure 2 represents the test data for CO2 composition in the inlet, product and vent streams. In this particular test, 
the vent stream CO2 analyzer was drifting away from the actual values, however after fixing the problem, at the later 
part of the test the analyzer was performing well and was giving numbers close to the pseudo-steady state values. 
 
Figure 3 represents the test results for the CO2 recovery as measured in the product stream. The recovery for this 
particular test was not so high because the steady state conditions were not achieved. In order us to achieve the 
steady state conditions it is required to run the system for a prolonged period. Figure 4 represents the test data for 
SO2 distribution and adsorption in the dryer beds. Approximately 1200 ppm SO2 was injected in the inlet stream. As 
expected, almost all of the SO2 injected came out with the product stream and trace amount of it ended up in the 
non-condensable vent stream. The dryer bed started adsorbing SO2 from the beginning and a breakthrough of SO2 
from the dryer bed took almost 45 and 70 minutes for two different beds, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: CO2 Recovery at pseudo-steady state condition (Test 1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: SO2 distribution in product and vent stream and adsorption in the dryer beds (Test 1) 
 
Figures 5, 6, 7, 8 and 9 represent the test results with the injection of SO2 and NO at the inlet gas stream in order to 
see the distribution of the NO2 that is being generated by reaction 2 and the distribution of non-converted NO and 
SO2 in the product and vent streams. This particular experiment also shows the influence of NO, NO2 and SO2 on 
the adsorption behaviour of the dryer beds. N2O4 (reaction 2) was not expected in the CO2 product stream, as the 
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product stream was heated to some extent before it was sent to the pipeline. Most likely all the N2O4, if formed, 
converted back to NO2 at this point because of the low potential energy difference between NO2 and N2O4. 
 
Figure 5 represents the test results for CO2 composition in the inlet, product and vent streams for Test 2. As 
expected, the product stream was a very pure CO2 stream with a concentration greater than 99%. The vent stream 
CO2 concentration was varying between 40 to 50% during the pseudo-steady state conditions. The inlet CO2 
composition was the same as Test 1 and it was around 79%. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: CO2 composition in the inlet, vent and product streams (Test 2) 
 
Figure 6 represents the test results for the CO2 recovery at the product stream. The recovery for this particular test 
was reasonably high compared to Test 1, as we extended our run time to reach closer to pseudo-steady state 
conditions. The recovery rate for this particular test was as high as 75%. A higher recovery rate can be achieved if 
the system runs for a continuous prolonged period of time.  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: CO2 Recovery at pseudo-steady state condition (Test 2) 
 
Test 2 started with injection of NO (600ppm) and later injection of SO2 (1200 ppm) in the synthetic gas mixture to 
compare the effect of NO by itself, and later combined effect of NO and SO2 in the dryer beds and their distribution 
in the product and vent streams. Figure 7 represents the NO distribution in the product and vent streams. As 
expected, NO was not ended up in the product and vent streams. The reason is that almost all NO was converted to 
NO2. 
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Figure 7: NO distribution in product and vent streams (Test 2) 
 
Figure 8 represents the test results for the combined SO2 and NO and the distribution of these gases in product and 
vent streams, as well as the adsorption behaviour on the drier beds. NO injection was stopped around 16:15 hrs 
when the dryer bed was changed. With a new regenerated bed SO2 injection was started at a rate of 1200 ppm. 
However, this time the SO2 breakthrough took place relatively quicker than in Test 1. It took around 20 minutes for 
the SO2 breakthrough. When SO2 reached its saturation point, it started to all appear in the product stream. At that 
point, NO injection was started at a rate of 600 ppm. Interestingly, the SO2 concentration in the product stream 
started drifting down as soon as the NO injection started. Though we predicted that there will be no possibility of 
reaction 3 to occur, however, it might happen that reaction 3 occurred in the dryer bed with the residual moisture 
remaining in the bed materials. Further investigation and more tests are necessary to verify this observation.  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: SO2 and NO distribution in product and vent streams and adsorption in the dryer beds (Test 2) 
 
Figure 9 depicts the test results for NO2 distribution in the product and vent streams with and without the presence 
of SO2. As expected, NO2 quickly appears in the product stream as soon as NO is injected. The time delay is only 
the residence time in the CO2CCU process for NO to convert into NO2. Again, as expected, all NO2 appears in the 
product stream. 
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Figure 9: SO2 and NO2 distribution in product and vent streams and adsorption in the dryer beds (Test 2) 
 
4. CONCLUSIONS 
 
The CO2CCU designed by CanmetENERGY proves to be very efficient in CO2 capture and multi-pollutants control. 
The dryer bed containing molecular sieve/activated alumina in the CO2CCU process shows some influence on the 
overall multi-pollutant capture behaviour of the system. Test results indicate that there is opportunity to further 
investigate the role of the dryer beds containing molecular sieves/activated alumina to use them as a secondary unit 
for the multi-pollutants control. Current study shows that there is a potential to optimize the dryer location and 
adsorption materials in CO2CCU capture process. The trailer mounted CO2CCU is a unique test platform for 
studying CO2 capture and separation processes and to investigate the simultaneous multi-pollutant control processes 
for oxy-fuel plants. The CO2CCU can also be used for other fossil fuel conversion systems for separation and 
capture of CO2 from flue gas streams.  
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